Background: GNE myopathy (distal myopathy with rimmed vacuoles) is a rare intractable muscle disease caused by the mutations in GNE gene, with no therapeutic agents at present. The mutations in GNE (UDP-Nacetylglucosamine 2-epimerase/N-acetylmannosamine kinase) gene result in a deficiency of the biosynthesis of aceneuramic acid. Aceneuramic acid improves the phenotype of GNE myopathy model mice. We examined the pharmacokinetics and safety of aceneuramic acid therapy in a nonrandomized manner for patients with GNE myopathy for the first time in humans. Methods: This article was based on the world's first Phase I trial and the additional Phase I trial that began at a time when the intermediate results of an overseas Phase II trial were ascertained. In the first trial, conventional tablets without controlled release were administered orally in a single dose of 800 mg, in 800 mg/doses given three times in 1 day, and in 800 mg/doses given three times per day for 5 days. Serum and urinary concentrations of total aceneuramic acid including aceneuramic acid bound to proteins and lipids were measured. Subsequently, administering extended-release tablets to patients with GNE myopathy, we investigated the pharmacokinetics and safety of a single 2000 mg dose, three doses given for 1 day, and three doses per day for 7 days.
Background
GNE myopathy is a rare intractable disease characterized by atrophy and degeneration of muscles starting from the distal area to the trunk, gradually developing into loss of motor control, with no therapeutic agents and for which treatment is limited to symptomatic treatment [1] [2] [3] [4] [5] . In the pathology of affected muscles, variations in the size of the muscle fibers, rimmed vacuoles, and accumulation of amyloid proteins in the muscle fibers can be observed. Myelin bodies and intranuclear inclusion bodies can be seen with electron microscopy. Onset is often in early adulthood. Distal leg muscles, particularly the tibialis anterior muscle, are affected in the early stage of this disease, and foot drop is commonly observed. Initial symptoms at onset include reduced gait speed, gait difficulty, stumbling, and difficulty lifting the toes. As the disease progresses, muscles of the whole lower leg become affected, making gait difficult and the patient becomes wheelchair bound, whereas the quadriceps femoris are less likely to be affected. According to a report by the Registry of Muscular Dystrophy (REMUDY), a registry system of patients with neuromuscular diseases in Japan, the estimated mean period from onset until loss of gait is 21 years; however, there are major individual differences indicating some patients become non-ambulatory in 10 years [3] . Muscle weakness in upper extremities develops later than in lower legs, progressing from the fingers, then in the course of time, to the entire arms. In many patients with gait inability due to GNE myopathy, the neck also becomes unstable, making motion or assistance in motion difficult. In Japan, there have been reports of decreased respiratory function [3] , and some patients with severe GNE myopathy with early onset require artificial respiration during the night. In association to reduced muscle strength, problems such as in health management and decreased quality of life (QOL) arise, leading to a need for regular assistance in daily life activities and patients possibly becoming bedridden. A biochemical finding of this disease shows elevated creatinine kinase (CK) in the early stage; however, the degree of elevation is usually slight or within the normal range.
GNE myopathy was reported for the first time around 1980, in Japan [6, 7] . Due to its clinical characteristics, it has also been called distal myopathy with rimmed vacuoles (DMRV). Meanwhile, this condition was reported as a muscular disease with rimmed vacuoles in Israel, subsequently called hereditary inclusion body myopathy (hIBM) as intranuclear tubular fibrous inclusion bodies are seen [8] . Thereafter, a research group in Israel demonstrated autosomal recessive inheritance in the families of Persian Jewish patients with hIBM [9] . They also found the presence of a causative gene on chromosome 9 [9] , and mutations in the GNE gene. The GNE gene encodes GNE/ MNK (UDP-acetylglucosamine 2-epimerase/acetylmannosamine kinase), which is an important enzyme involved in the biosynthesis of aceneuramic acid (a typical sialic acid) [10] . GNE/MNK catalyzes two reactions; epimerization from UDP-acetylglucosamine to acetylmannosamine and phosphorylation of the hydroxyl group at the C6 position of acetylmannosamine [11, 12] .
It has been inferred that the causative gene is the same for hIBM and DMRV, and it was reported that a mutation of the GNE gene was observed in Japanese patients with DMRV [13] [14] [15] [16] . To date, more than 150 mutations have been found in patients with hIBM/DMRV; most of those are missense mutations [17] . Recently, muscle diseases caused by these GNE gene mutations have come to be collectively called GNE myopathy [18] .
It was thought that the underlying cause of this disease was a mutation of the aceneuramic acid synthesizing enzyme, and in vivo aceneuramic acid mediates in various physiological and pathological processes by binding to terminals of sugar chains of glycoproteins and glycolipids. Therefore, aceneuramic acid replacement therapy was considered. In accordance with this, an attempt was made to create animal models of the disease. GNE gene knockout heterozygous mice were crossed with mice implanted with a mutated form that is common among Japanese patients, and created mouse models in which the endogenous mouse GNE gene was disrupted, thereby expressing only mutant human GNE gene. This mouse model reproduced the disease progression in patients with GNE myopathy very well [19] . Furthermore, they administered 20 mg/kg/day aceneuramic acid to this mouse model from 10 to 20 weeks postnatal to 54-57 weeks, and demonstrated the following outcomes; increases in aceneuramic acid concentration and survival rate, decreases in CK concentration, and improvement of muscular histopathology, muscle strength, muscle weight, and motor function [20] . When giving oral doses of 2-[ 14 C], 9-[ 3 H]-aceneuramic acid to mice (20 days old) of 1.96 mg/100 μL/mouse, within 15 min after dosing 95% of the dosage amount had moved to their intestinal tracts, and 90% of the dosage amount was absorbed within 6 h, suggesting quick digestive tract absorption of aceneuramic acid [21] . Also, in model mice, when long-term oral doses of 20 mg/kg/day were given, preventive effects such as increased survival rate, muscle mass, increases in muscle strength, and improved muscle histopathology were exhibited [20] . On the basis of these results, we conducted the world's first phase I clinical trial involving patients with GNE myopathy, and subsequently an additional phase I trial using extendedrelease preparation under development as the therapeutic drug overseas.
Methods

Trial overview
The phase I trial of aceneuramic acid consisted of two trials, both of which were conducted at Department of Neurology, Tohoku University Graduate School of Medicine in accordance with the Good Clinical Practice (GCP) as investigator-initiated trials. The initial trial (Trial-1) and subsequent trial (Trial-2) were conducted after registering with the Clinical Trials.gov (NCT01236898) and the UMIN-CTR (UMIN000011532), respectively. Both trials were conducted with the approval of the institutional review board. [Protocol for trial 1 and 2 (written in English and Japanese) are attached as Additional files 1, 2, 3 and 4]. Subsequently, written informed consent forms explaining the trial were given to potential trial subjects, and then after obtaining written consent screening tests were performed. With verification of eligibility for the trial, patients were enrolled and the trial was commenced. The inclusion criteria for the trial subjects were; patients with definite genetic diagnosis of GNE myopathy, with body weight of 40 kg or more, aged 20 to 40 years, and without severe complications. Subjects were recruited by self-selection from Patients Association for Distal Myopathies and were allocated in the nonrandomized manner.
Trial design
Trial-1
Aceneuramic acid was administered in the order of 800 mg single dose, 800 mg dose given three times per day for 1 day, and 800 mg dose given three times per day for 5 days, and then the safety and pharmacokinetics were examined. A total of six patients were involved in the single-dose group (n = 3) and the three-times-per-day group (n = 3). Of these six patients, three patients were included in the five-day group. With regards to titration of the investigational agent, dose was increased after safety to date was verified. In addition, a data and safety monitoring committee independent of the trial department was established to review the suitability of trial continuation. For Trial-1, non-extended-release 100 mg aceneuramic acid tablets (conventional tablets) developed in Japan were used (Fig. 1a, b) . Trial-1 was conducted from November 15, 2011 to June 20, 2011.
Trial-2
Aceneuramic acid was administered in the order of 2000 mg single dose, 2000 mg dose given three times per day for 1 day, and 2000 mg dose given three times per day for 7 days, then the safety and pharmacokinetics were examined. For this trial, a total of six patients were involved in the single-dose group (n = 3) and the three-times-per-day group (n = 3). Of these six patients, three patients were included in the seven-day group. Titration of the investigational agent was performed as per Trial-1. For Trial-2, 500 mg extended-release aceneuramic acid preparations (SA-ER 500 mg) under development as a pharmaceutical agent overseas were used (Fig.  1c, d ). Trial-2 was conducted from October 7, 2013 to December 2, 2011.
In each trial the number of cases that is generally evaluable, and that can be practiced with limited patients was determined.
Measurement of drug concentration-overview
Blood sampling for serum concentration measurement was performed as follows; using a vacuum blood collection tube containing serum separating medium, collecting approximately 1.5 mL of blood each time, then after centrifugal separation, the serum was divided into two, placed into two polypropylene tubes and quickly frozen as specimens. Samples for urinary concentration measurement were prepared as follows; measured the precise amount of urine each time slot, from which approximately 10 ml was sampled and divided into two each time, then placed into two polypropylene tubes and frozen as specimens. As aceneuramic acid is also present in the living body, blood and urine samples were collected at times without administration of investigational drug.
In Trial-1, blood sampling for the single dose and three doses per day for 1 day was performed 24 h prior to administration (initial dose), and 15 and 30 min, 1, 2, 4, 6, and 8 h after the first blood sampling, and immediately prior to administration (initial dose), then 15 and 30 min, 1, 2, 4, 6, 8, and 24 h after the initial administration. In the three-doses-per-day groups, the second and third doses were administered 6 and 12 h after the initial administration. On the day of administration, meals were consumed twice, with drug administration (initial dose) given upon fasting, then meals given 4 and 9 h later. Also on the day before treatment, two meals were consumed at the same times as the treatment day with the same meal content (Fig. 1) .
Urine collection for the single-dose and three-doses-per-day groups was divided into four periods; 24 to 20 h before initial administration, 20 h to immediately before the administration, immediately before the administration to 4 h after the administration, and 4 to 24 h after the administration. The urine volume was measured for each period.
Blood sampling for the three doses per day for five-day group was performed 24 h before administration (initial dose), 15 and 30 min, 1, 2, 4, 6, and 8 h after the initial blood collection, immediately before initial administration, then 15 and 30 min, 1, 2, 4, 6, 8, 24, 48, 72 and 96 h after initial administration (before the first dose on day 5), and 15 and 30 min, 1, 2, 4, 6, 8, and 24 h after the first administration on day 5. Meals on the day of start of treatment and day 5 were consumed twice, with the initial dose given upon fasting, then meals given 4 and 9 h after the administration. The second and third doses were given 6 and 12 h after the initial administration. On the day before treatment, two meals were consumed at the same time as the day of initiation of treatment with the same meal content. On days 2, 3, and 4 of treatment, meals were given immediately after the first dose of the day, then 4 and 9 h after the first administration (Fig. 1) .
For the three doses per day for five-day group, urine collection was divided into six periods, i.e. 24 to 20 h before administration, 20 h to immediately before administration, immediately before administration to 4 h after the administration and, 4 to 24 h after the administration on day 1; immediately before the first administration to 4 h after the first administration on day 5, and 4 to 24 h after the first administration on day 5. The urine volume was measured for each period.
Measurements of total aceneuramic acid and total N-glycolylneuraminic acid were performed at LSI Medience Corporation using LC/MS/MS methods established by the same company. The quantitative ranges were 1 to 2500 μg/mL in serum and 1 to 10,000 μg/mL in urine for total aceneuramic acid, 1 to 2500 μg/mL in serum Since aceneuramic acid also exists intravitally, we measured it during the day before the start of administration as well and 1 to 2500 μg/mL in urine for total N-glycolylneuraminic acid.
In Trial-2, blood sampling for the single dose and three doses per day for 1 day was performed 24 h prior to administration (initial dose), 4, 8, 12, 16 , and 20 h after the first blood sampling, and immediately prior to administration (initial dose), then 10, 20, 30 min, 1, 2, 4, 6, 8, 12, 16, 20 , and 24 h after the initial administration. In the three doses per day groups, the second and third doses were administered 8 and 14 h after the initial administration. On the day of administration, meals were consumed twice, with drug administration (initial dose) given upon fasting, then meals given 4 and 9 h later. Also on the day before treatment, two meals were consumed at the same time as the treatment day with the same meal content (Fig. 1) .
Urine collection for the single-dose and three-doses -per-day groups was divided into four periods; 24 to 20 h before initial administration, 20 h to immediately before the administration, immediately before the administration to 4 h after the administration, and 4 to 24 h after the administration. The urine volume was measured for each period.
Blood sampling for the three doses per day for 7 days group was performed 24 h before administration (initial dose), 4, 8, and 12 h after the initial blood collection, immediately before initial administration, then 10, 20, 30 min, 1, 2, 4, 6, 8, 12, 24, 48, 72, 96, 120, and 144 h after initial administration (before the first dose on day 7), and 10, 20, 30 min, 1, 2, 4, 6, 8, 12, and 24 h after the first administration on day 7. The second and third doses were given 8 and 14 h after the initial administration. The meals on the treatment days were consumed three times; before the first administration, and 4 and 9 h after the administration. On the day before treatment, the same meal content was consumed at the same times as the days of treatment (Fig. 1) .
For three doses per day for seven-day group, urine collection was divided into six periods, i.e. 24 to 20 h before administration, 20 h to immediately before administration, immediately before administration to 4 h after the administration, 4 to 24 h after the administration, immediately before the first administration to 4 h after the first administration on day 7, and 4 to 24 h after the first administration on day 7. The urine volume was measured for each period.
Measurements were taken using LC/MS/MS methods established by Intertek Pharmaceutical Services Bioanalytical LCMS. The quantitative ranges were 0.0400 to 20.0 μg/mL in serum, 1.00 to 200 μg/mL in urine for free aceneuramic acid, and 5.00 to 400 μg/mL in urine for total aceneuramic acid.
Details underlying the reason that total aceneuramic acid was measured in Trial-1, and serum free aceneuramic acid and urinary free-and total-aceneuramic acid were measured in Trial-2 will be explained later.
Drug concentration analysis methods
Serum aceneuramic acid concentration
Due to the small number of subjects in this trial, changes in the serum aceneuramic acid concentration for each individual patient were presented in figures.
The pharmacokinetics parameters of aceneuramic acid (AUC t , AUC ∞ , C max , T max , λ z , MRT t , T 1/2 , CL, and V d ) were calculated for each patient based on serum concentrations of the day before administration (start), the day of and day following administration (start), then for repeated doses, on the final day of administration and the following day. With these data, the summary statistics were calculated for each treatment group. Moreover, the differences in serum aceneuramic acid concentrations were calculated at each point of time corresponding to 1 day from the day before administration (start) and after administration (or during administration). On the basis of these differences, the pharmacokinetics parameters for aceneuramic acid were calculated for each patient, and the summary statistics for each group were calculated. In addition, for the day before administration (start), when the previous values corresponding to the administration day were not measured, the mean value obtained prior to the start of treatment was used as the previous value.
Urine aceneuramic acid concentration
The amount of aceneuramic acid excreted in the urine was calculated from urine concentration of aceneuramic acid and volume of urine. Furthermore, the amount excreted in the urine was compared in each patient for 1 day from the day before treatment (start), 1 day from the day of administration (start), then for repeated doses, the time period corresponding to 1 day after the final day of administration (0 to 4, and 4 to 24 h), as well as the 24 h for this time period combined.
Safety
Safety was confirmed based on medical examinations, physical tests, clinical tests (blood count, blood biochemistry, and urine), electrocardiography, and echocardiography. Upon occurrence of adverse events, the details, severity, seriousness, causal relationship with the investigational agent, and outcomes were noted.
Statistical analysis
SAS(version 9.1.3 for Trial-1, version 9.3 for Trial-2, SAS Institute Japan Ltd.)was used for statistical analysis. Especially pharmacokinetic parameters were analyzed by non-compartment model using Phoenix WinNonlin (ver. 6.2, Pharsight Corporation, USA).
Results
Demographic statistics
In Trial-1, for a total of six patients with GNE myopathy, a single dose (n = 3) and three doses per day for 1 day (n = 3) were given. The patients included three men and three women with a mean age of 33 years (range; 23 to 39 years), the mean height of 167 cm (range; 153 to 179 cm), and the mean body weight of 57.7 kg (range; 43.3 to 78.0 kg). Of these six patients, three patients (a man and two women) received administration of the investigational agent for 5 days (Table 1) .
In Trial-2, for a total of six patients with GNE myopathy, a single dose (n = 3) and three doses per day for 1 day (n = 3) were given. The patients included three men and three women with a mean age of 31 years (range; 25 to 37 years), the mean height of 170 cm (range; 160 to 181 cm), and the mean body weight of 54.2 kg (range; 40.1 to 67.9 kg). Of these six patients, three patients (two men and a woman) received administration of the investigational agent for 7 days (Table 1) . Figure 2 shows a flow diagram of the progress through the two phase I trials.
Trial-1 Changes in serum aceneuramic acid concentration
In Trial-1, 100 mg conventional aceneuramic acid tablets developed in Japan were used. For the aceneuramic acid concentration, total aceneuramic acid combining protein-and lipid-bound bodies with free bodies were measured.
First, the changes in serum total aceneuramic acid concentrations when aceneuramic acid 800 mg was administered in a single dose and three doses for 1 day. Physiologically present aceneuramic acid was also measured; however, there was no increase in serum concentration observed after administration of aceneuramic acid (Fig. 3) .
We then measured the changes in serum total aceneuramic acid concentrations when aceneuramic acid 800 mg was administered in three doses per day for 5 days. Measurement points were; immediately before the first administration, and 15 and 30 min, 1, 2, 4, 6, 8, and 24 h after the first administration on day 1 and day 5. Measurements were also performed at corresponding times on the day before the starting day, and immediately before the first administration on day 3 and day 4. As with the single dose and three doses for 1 day groups, physiologically present aceneuramic acid was also measured; however, there was no obvious increase in serum concentration observed after aceneuramic acid administration (Fig. 3) . Therefore, we were unable to examine pharmacokinetics parameters.
Thus, when aceneuramic acid 800 mg was administered in three doses per day for 5 days, an increase in serum total aceneuramic acid concentration was not observed after administration of the investigational agent.
The amount of aceneuramic acid excreted in the urine for Trial-1
We examined the changes in total amount of aceneuramic acid excreted in the urine when aceneuramic acid 800 mg was administered in a single dose and three doses for 1 day. Excluding one patient (subject No. 1), the results showed an increased amount of aceneuramic acid excreted in the urine for 24 h after administration (Fig. 4) .
Next, we examined the changes in total amount of aceneuramic acid excreted in the urine when aceneuramic acid 800 mg was administered in three doses per day for 5 days. The results showed an increased amount Total n = 6 800 mg × 3 × 5 days n = 3 2,000 mg × 1 n = 3 2,000 mg × 3 n = 3
Total n = 6
2,000 mg × 3 × 7 days n = 3 
of aceneuramic acid excreted in the urine for 24 h after administration for all three patients (Fig. 4) .
Trial-2 Changes in serum aceneuramic acid concentration
In Trial-2, 500 mg extended-release tablets of aceneuramic acid were used. For the aceneuramic acid concentration, free aceneuramic acid unbound to proteins and lipids was measured. The changes in serum free aceneuramic acid concentrations when aceneuramic acid 2000 mg was administered in a single dose and three doses for 1 day were measured. Physiologically present free aceneuramic acid in serum was also measured, which showed that there were an obvious increase in serum aceneuramic acid concentration levels after administration in all three patients with the single dose and the three patients with three doses for 1 day (Fig. 5) . In the mean value of three patients with a single dose, the increases in serum aceneuramic acid concentration levels were observed from 20 min after the administration, peaked approximately 1-4 h after the administration with three times the values without administration. The increased concentration levels were also seen at 8 h after administration, compared to without administration. The mean value of three patients given three doses for 1 day also increased from 30 min after the administration. In this group, peaks of the concentration levels were observed twice, at approximately 4 h and 20 h after the administration, and this might have been due to few measurement times. The value in the first peak was more than approximately twice that without administration, and a higher value Fig. 2 CONSORT flowchart of the trial through the two phase I trials than the first peak was maintained at 24 h after administration. Further, the mean value of serum free aceneuramic acid concentration in the six patients in both the single-dose and three-doses-per-day groups on the day prior to administration to immediately prior to administration was 0.136 ± 0.019 μg/mL (n = 42, mean value ± standard deviation).
We also examined the changes in serum free aceneuramic acid concentrations when aceneuramic acid 2000 mg was administered in three doses per day for 7 days. The investigational agent was administered for 7 days, with the first dose given in the morning of each day, then the second and third doses given 8 and 14 h after the first administration. While there were major individual differences, obvious increases in serum free aceneuramic acid concentration after administration were found in all three patients, and the increased concentration levels were maintained for the period of 7 days. Although the peaks of the trough values differed depending on the individual patient, the peaks were observed within 7 days. In the mean value for three patients, this increase was seen from 2 hours after the start of treatment, and serum free aceneuramic acid trough concentration was maintained at about 2.8 times that of before the start of treatment, from day 2 to the following morning of day 7. On day 7 of administration, the concentration of serum free aceneuramic acid was about 2.4 times on average that of before the start of treatment. (Fig. 5) .
In Trial-2, we calculated pharmacokinetic parameters based on serum concentration up to 24 h after administration for a single dose. We calculated Cmax, Tmax, AUCt, and MRT for the pharmacokinetic parameter Fig. 3 Changes in serum total aceneuramic acid concentrations measurement (Trial-1). In Trial-1, total aceneuramic acid that is aceneuramic acid combined with protein or lipid as well as free aceneuramic acid was measured. Since physiologically existing total aceneuramic acid is also measured, no increase in the concentration after administration was observed in each case. a. Single administration trial for each individual subject (subject numbers 1 to 3). -24 to 0 h (un-administered), 0 to 24 h (administered). b. Average of A. mean changes ± standard deviation, n = 3 for each group. c. Three-times-per-day administration trial for each individual subject (subject numbers 4 to 6). -24 to 0 h (un-administered), 0 to 24 h (administered). d. Average of C. mean changes ± standard deviation, n = 3 for each group. e. Three-times-per-day administration for 5-day trial for each individual subject (subject numbers 2, 4 and 6). -1 to 0 Day (un-administered), 0 to 5 Day (administered). f. Average of E. mean changes ± standard deviation, n = 3 for each group (Table 3) for three doses in a day and for three doses per day for 7 days, 8 hours after the first administration of the day (just before the second administration) based on serum concentration. Cmax was 0.093 to 0.624 μg/ mL, and Tmax was also 1 to 8 h for the single-dose and for the first day of the three-doses-per-day groups, so there were individual differences. The T1/2 for single-dose administration was 2 to 7 h, so there was individual difference after all and it was relatively shorter. In this way, we could calculate some free aceneuramic acid pharmacokinetic parameters; however, due to the major individual differences, it was thought that there was not much significance in conducting detailed examinations, in the present report we only examined on the basis of the changes observed and the mean values for each patient. We summarized the pharmacokinetic parameters of each subject in Trial-2 ( Table 2 ).
The amount of aceneuramic acid excreted in the urine for Trial-2
We examined the changes in the amount of total and free aceneuramic acid excreted in the urine when 2000 mg extended-release aceneuramic acid tablets were administered in a single dose and three doses for 1 day. The results showed an increased amount of free aceneuramic acid excreted in the urine for 24 h after administration. The amount of total aceneuramic acid excreted in the urine for 24 h after the administration also generally increased (Fig. 6) .
Next, we examined the changes in the amount of total and free aceneuramic acid excreted in the urine when 2000 mg aceneuramic acid tablets were administered in three doses per day for 7 days. The results showed an increased amount of free aceneuramic acid excreted in the urine for 24 h after administration for all three patients (Fig. 6) .
Safety
In Trial-1, adverse events were observed in all patients; however, all events were mild and non-serious. The causal relationships with the investigational agent were deemed 'unlikely' or 'no relationship.' Among them, when severity was judged based on the criteria of CTCAE v4.0 -JCOG, only "urinary tract infection" and "gastroenteritis viral" found in one case corresponded moderately, the others were mild adverse events.
Overall, there were 31 adverse events observed with the single-dose group and three-doses-per-day group. The adverse events included decreased blood albumin, total protein, and hematocrit levels (three cases each); decreased albumin-globulin ratio, thrombocytopenia, and positive result of urine protein (two cases each), and others (one case each). With the five-day treatment group, there were 22 adverse events observed, including 3 cases of decreased blood protein levels, 2 cases of decreased total protein levels, and 1 case each for other events (Table 3) .
In Trial-2, adverse events were observed in four patients out of six patients given a single dose or three doses for 1 day, and in two out of the three patients given three doses per day for 7 days. All adverse events were mild and non-serious. They were all mild adverse events, after evaluating the severity of these based on CTCAE v4.0 -JCOG criteria. The causal relationships with the investigational agent were all deemed to be 'no relationship.' Overall, there were four adverse events observed in three-doses-per-day group, including two cases of increased triglycerides, and one each case of eczema Fig. 4 Changes in the amount of excreted total aceneuramic acid in urine (Trial-1). Urine was collected in periods of − 24 to 20 h and -20 to 0 h (before administration), 0 to 4 h and 4 to 24 h (after administration). The amount of excreted total aceneuramic acid was compared between before and after administration. In single and three times per day administration, the amount of excretion for 24 h increased after administration in all but one subject (subject number 1). In 5-day administration, the total aceneuramic excretion of 24 h increased after administration. a. Single administration (subject numbers 1 to 3), Three-times-per-day administration (subject numbers 4 to 6). b. Three-times-per-day administration for 5 days (subject numbers 2, 4 and 6). BF: before administration, AF: after administration, D 1: day 1 of administration, D 5: day 5 of administration and increased LDH, respectively. With the seven-day treatment group, there were two cases of adverse events observed overall, including one case of elevated triglycerides and one case of fall (Table 3) .
Discussion
We conducted the trials to investigate the pharmacokinetics and safety of aceneuramic acid for patients with GNE myopathy (distal myopathy with rimmed vacuoles), administering in a single-dose and three doses for 1 day/ 5 days. A total of six patients participated in the present trial. We first examined the safety and pharmacokinetics of 800 mg of aceneuramic acid administered in a single dose (three patients) and three doses for 1 day (three patients). Subsequently, one patient from the single-dose group and two patients from the three doses for 1 day group (a total of three patients) received 800 mg of aceneuramic acid three times/day for 5 days, and the safety and pharmacokinetics were similarly examined. In this trial, conventional 100 mg tablets developed in Japan were used, and total aceneuramic acid concentration levels including protein-and lipid-bound aceneuramic acid were measured. However, obvious increases in the serum concentration were not seen after administration of 800 mg in a single dose and three doses for 1 day/5 days. Accordingly, we were unable to calculate the pharmacokinetics parameters based on these results. Meanwhile, the amount of excreted aceneuramic acid in Fig. 5 Changes in serum free aceneuramic acid concentrations measurement (Trial-2). In Trial-2, serum free aceneuramic acid not bound to protein or lipid was measured, focusing on concentration increase due to investigational drug administration. Tough physiologically existing free aceneuramic acid is also measured, the concentration after administration clearly increased in each case. a. Single administration for each individual subject. b. Single administration on average. Mean changes ± standard deviation, n = 3 for each group. c. Three-times-per-day administration for each individual subject. In three-times-per-day administration, the 2nd and 3rd administration is 8 and 14 h after the 1st administration. d. Three-times-per-day administration on average. Mean changes ± standard deviation, n = 3 for each group. e. Three times per day for 7-day administration for each individual subject. f. Three times per day for 7-day administration on average. Mean changes ± standard deviation, n = 3 for each group. In all cases of 7-day administration though individual variations were large, a clear increase in concentration was observed during administration and was maintained for 7 days. The peak of the trough value was different in each subject but was confirmed within 7 days the urine tended to increase after administration of 800 mg in a single dose and three doses for 1 day/5 days, although variability among patients was observed. However, taking into account the administered dose of investigational agent, the degree of increase was not significant. It was thought that the increase in serum aceneuramic acid concentration after administration could not be demonstrated because aceneuramic acid is excreted promptly after absorption.
The five-day treatment was initially designed with an additional dose group of 400 mg given three times per day. However, as increases in the serum total Changes in urinary free and total aceneuramic acid (Trial-2). Urine was collected in periods of − 24 to 20 h and -20 to 0 h (before administration), 0 to 4 h and 4 to 24 h (after administration). Both free and total aceneuramic acid concentration in urine were measured. The amount of urinary excretion was calculated from urine concentration and its volume. The amount of free aceneuramic acid excretion in 24 h increased after administration. Also the amount of total aceneuramic acid excretion in 24 h roughly increased. a. Free aceneuramic acid with single administration (subject numbers 1 to 3, three times per day administration (subject numbers 4, 5, 7). b. Total aceneuramic acid with single administration (subject numbers 1 to 3, three-times-per day administration (subject numbers 4, 5, 7). c. Free aceneuramic acid with three-timesper-day for 7-day administration (subject numbers 1,3,4). d. Total aceneuramic acid with three-times-per-day for 7 days administration (subject numbers 1,3,4). BF: before administration, AF: after administration, D1: Day 1 of administration,D 7: Day 7 of administration aceneuramic acid concentration with the administration of up to three times/day were not observed, considering the review of the Data and Safety Monitoring Committee, we decided to examine the administration of 800 mg doses given three times/day for 5 days. We chose a single dose of 800 mg after finding that there were no abnormalities that might be major problems when we administered single oral doses of 5000 mg/kg to mice and rats [22] , which was equivalent to a dose that was 375 times as strong as the initial dose of 800 mg (based on calculations using a body weight of 60 kg), and so we believed that there would be no problem of safety. Studies of model mice confirmed that a dosage of 20 mg/kg per day was effective to prevent onset of the disease [20] . Doses of 800 mg each time or 2400 mg per day are nearly equivalent to or are a multiple of this dosage (based on calculations using a body weight of 60 kg).
Other relevant factors included that it is a component that exists in the body and is constantly ingested with food to a certain degree. Furthermore, it was understood that toxicity was low based on toxicity studies (teratogenicity in rats [23] , genotoxicity tests [24] [25] [26] , a core battery of safety pharmacology studies including hERG test [27] [28] [29] ) and ongoing chronic toxicity studies in rats [27] and in dogs [30] ). Also, it is estimated that the number of patients in Japan that have the disease that may be treated with this drug is no more than around 400. At the time that we conducted both trials we only knew of 100 patients in Japan, and even as we write this the total is not even 200 patients. We performed the best trial that we could under the limitation of having 6 trial subjects. In Trial-1, patients' serum total aceneuramic acid concentrations before commencement of administration were at the same level as in individuals without GNE Myopathy (reference value: 440 to 710 μg/mL) as was already known, while it was also known that the concentration in the muscular tissues is decreased [31] . Patients with GNE myopathy maintain synthetic capacity of aceneuramic acid, although the capacity is reduced [31] , and thus, the difference in the distribution of the synthesizing enzyme depending on tissues [11, 32] could lead to muscle-specific pathological conditions and differences in degree of disabilities depending on the muscles affected. The causative gene underlying this disease is the GNE gene, and it is considered highly probable that one of the onset mechanisms may be due to the abnormalities of glycoprotein and glycolipid caused by decreased synthetic capacity for aceneuramic acid. However, the discussion remains as to whether it is a loss-of-function mutation or a toxic gain mutation [33] . Furthermore, in Trial-1, we measured N-glycolylneuraminic acid, which is said to not be synthesized in human body [33] , and all measurements were below the detection limit. We were unable to confirm an increase in serum concentrations in Trial-1 which used conventional tablets and measured total aceneuramic acid, and therefore Trial-2 was performed using and comparing the trial outcomes from overseas. Using 500 mg extended-release tablets, which has been used for patients with GNE myopathy in the United States, 2000 mg of aceneuramic acid was administered in a single dose and three doses per day for 1 day/7 days. 2000 mg 3 times in 1 day is the clinical dose for an overseas comparative trial. In this trial the dosage amount was selected to confirm whether it would be alright to administer the same dosage as was used overseas for the clinical dosage to conduct the next phase long-term dosage trials. Then serum free aceneuramic acid concentration was measured as well as confirmation of the safety, and the amount of total and free aceneuramic acid excreted in the urine was calculated by measurement of the volume of urine and the total and free aceneuramic acid concentrations in the urine. Six patients participated in Trial-2, and two patients who received the single dose and one patient who received the three doses per day also participated in the seven-day administration.
With regards to serum free aceneuramic acid concentration, it was almost the same as that of the overseas Phase I trial when without administration [34] , and all nine cases, including three patients given the single dose, three doses per day, and three doses per day for 7 days, showed obvious increases in concentration after administration.
In the mean value for the three patients given the 2000 mg dose three times/day, the value of first peak was approximately more than twice that without treatment, and a higher value than the first peak was maintained at 24 h after administration. The results suggested that the increase in serum free aceneuramic acid concentration as a result of the administration of the 2000 mg dose given three times/day was maintained for a whole day.
With the seven-day administration, the mean value of serum free aceneuramic acid concentration in three patients was at about 2.8 times that of the baseline (before administration), and it was maintained from the second day of administration to the following morning of the final day of administration. A peak in trough value was observed within 7 days for all three patients, suggesting that the concentration levels with longer-term administration would not be extremely increased beyond the levels observed in these 7 days. On day 7 of administration, the concentration of serum free aceneuramic acid was about 2.4 times on average that of before the start of treatment.
The amount of free aceneuramic acid excreted in the urine increased compared to pretreatment for all nine measurements, including those given a single dose, three doses per day for 1 day/7 days. The amount of total aceneuramic acid excreted in the urine also generally increased, indicating that the investigational agent was absorbed into the body.
As stated above, with extended-release tablets being used for trials in overseas, increases in serum free aceneuramic acid concentration of two to three times that of without treatment were observed in Trial-2. The results are consistent with the overseas trials [35, 36] . Thus, a long-term clinical trial to verify the efficacy and safety can be conducted in Japan as well, with the same dosing regimen as was used overseas. In the present trial, serum free aceneuramic acid concentration and the amount of free aceneuramic acid excreted in the urine were increased in all patients after administration of the investigational agent. On the basis of the outcomes of a trial that examined the pharmacokinetics in rats, it is expected that aceneuramic acid absorbed via oral administration is partly excreted as aceneuramic acid, and partly transferred to muscle tissue and produces the effect. The efficacy has been demonstrated in mouse-model implanted mutations commonly seen in Japanese patients [36] , and a phase II trial conducted overseas also indicated the efficacy [35] , therefore, we believed that similar efficacy can be expected in Japanese patients.
With regards to safety, all stages of the two trials were completed without withdrawal of any patient. A total of 53 adverse events were observed in Trial-1 with conventional tablets; however, all events were not severe and a causal relationship with the investigational agent was ruled out. In Trial-2 with extended-release tablets, adverse events occurred in one out of three patients given a single dose, two out of three patients given three doses per day for 1 day, and two out of three patients given three doses per day for 7 days. However, all events were mild, and the causal relationships with the investigational agent were deemed to be 'no relationship'. In both studies the causal relationships with investigational agents were judged by the doctors in charge, based on patients' existing illnesses, disease complications, and overall condition of the patients (for example, because falls occur frequently in this disease, a fall was judged "no relationship" in one case).Thus, there were no findings that would pose a particular problem for safety in the present trial. The reason that there were fewer adverse events in Trial-2 compared to Trial-1 was that all laboratory test value abnormalities, even with no clinical problems, were included as adverse events in Trial-1, whereas adverse events were limited to those that posed clinical problems in Trial-2.
In Trial-1, the following abnormalities in the clinical laboratory tests were observed; decreased serum albumin in six cases, decreased total protein in five cases, decreased hematocrit levels in four cases, decreased albumin-globulin ratio and positive results in urine protein in three cases each, decreased red cell count, decreased blood platelet count, increased serum cholines terase, decreased blood urea, decreased blood potassium, increased blood phosphorus, increased urine specific gravity, and positive results in uric blood in two cases each. These changes had no clinical importance and causal relationships with the investigational agent were unlikely to be defined. It was thus inferred that the changes in clinical tests were caused by various factors due to the participation in the trial, such as changes in life style and environment, influences of tests and blood collection. Nonetheless, careful observation of changes in those clinical findings is needed in future clinical trials. With regards to decreased platelet count, there is a report that assumed that sialic acid may play a significant role for platelets based on a case of sisters with thrombocytopenia [37] . However, no exacerbation of platelet count that could be clinical issues were observed as a result of aceneuramic acid administration in the present trial.
Kakkis et al. announced the results of their Phase I trial using extended-release tablets at the World Muscle Society of 2012 [34] . The results of our trial also demonstrated the consistent results with their trial in pharmacokinetics and safety in the Asian population. GNE myopathy is known to frequently occur in Jewish people, and thus there are many patients in Middle Eastern countries such as Israel, and in the United States; however, many patients are also found in Asian countries including Japan, Korea, and China. The fact that no difference was found in terms of pharmacokinetics and safety is not a particular problem in developing the treatment in the Asia region.
The present report describes the pharmacokinetics of aceneuramic acid in detail, and we believe that the report provides important fundamental knowledge for trials from now on, in determining therapeutic effects and subsequent clinical use of the agent.
